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ABSTRACT 
MONITORING REDUCTION EFFORTS PM2.5 IN ELLENSBURG, WA  
USING COMMUNITY-BASED SOCIAL MARKETING 
TO EXAMINE BEHAVIORAL CHANGE 
by 
 Kelsey R Gibbs 
June 2017 
  In 2011, Ellensburg, Washington was labeled by the Washington Department of Ecology 
as being vulnerable for violating National Ambient Air Quality Standards for particulate 
pollution (PM2.5). In the Kittitas Basin, winter-time frequent air inversions and stagnant air 
events trap pollution near the ground, elevating pollutant concentrations during winter months. 
Wood smoke from household burning has been identified by mobile PM2.5 monitoring completed 
in 2015 as the primary source of PM2.5. This research utilizes community-based social marketing 
techniques to encourage behavioral change for wood burning in a targeted neighborhood in 
Ellensburg. Residents of the target neighborhood were interviewed to gage knowledge and 
perceptions about wood burning and local air quality. Throughout the home-heating season 
mobile sampling for PM2.5 and black carbon was conducted (i) to evaluate relative changes in 
PM2.5 concentrations throughout the city from the 2015 mobile sampling study and the data 
collected in 2017, and (ii) to determine the effectiveness of informational campaigns on 
behavioral change in the population within the target area that may have affected emissions. Data 
on knowledge and perception was obtained through 15 individual interviews and data on air 
quality was collected during 5 sampling evenings in winter of 2017. Analysis of findings using 
ArcGIS and R statistical software indicates that PM2.5 concentrations in 2017 are higher than in 
iv 
2015 as a whole. The increase in pollutant concentrations shows that the pilot community-based 
social marketing strategies used in the target neighborhood were not effective in altering 
behaviors that are associated with PM2.5 producing activities in the time of this study. 
Suggestions for future research and management of PM2.5 reductions efforts are made within this 
study. 
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CHAPTER I 
INTRODUCTION 
Problem Statement 
Wood smoke has been identified as the top pollution source in Washington State (“Wood 
Stoves, Fireplaces, Pellet Stoves, and Masonry Heaters,” n.d.). During winter months, heating 
sources, including fireplaces and woodstoves, release significantly higher levels of pollution than 
electric or natural gas heating sources and the increased pollution is amplified by air inversions 
(Ogulei, 2010). Burning wood produces particle pollution composed of unburned materials. The 
most common pollutant caused by burning wood as a fuel source is fine particulate pollution, 
also known as PM2.5. PM2.5 refers to any particulates that are smaller than 2.5 micrometers in 
aerodynamic diameter, which compares approximately to 1/30 the width of a human hair. The 
inhalation of fine particulate pollution is linked primarily to respiratory and cardiovascular 
symptoms and, in extreme cases, premature death (Bell et al., 2014; Delfino et al., 2008) Once 
the tiny particulates are inhaled, they are able to bypass all defense mechanisms of the lungs. The 
particles are capable of reaching the deepest portions of the lungs and remain trapped there for 
months, potentially causing diseases and structural damage (Dahlgren, Duerr, & Kadlec, 2012).  
According to Kinney (2008), research on health effects in urban areas has demonstrated 
associations between high short and long-term average ambient PM2.5 concentrations and an 
array of negative health effects including premature deaths related to heart and lung disease.  
PM2.5 is a primary ingredient of highly polluted air and is associated with over 500,000 deaths 
per year (Nel, 2005). The particles consist of elemental carbon that is coated in layers of metals, 
sulfates, nitrates, inorganic hydrocarbons that contribute to the toxicity and the effect the 
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particles will have on health.  Therefore, addressing high concentrations of PM2.5 is a critical step 
in improving the overall health of a community.  
Ellensburg, Washington faces a variety of issues linked to poor air quality, including 
higher levels of respiratory illness, challenges for vulnerable populations with age and language 
barriers and potential violation of federal compliance standards. Violation of compliance 
standards can potentially lead to financial penalties as well as increased governmental 
interventions. Ellensburg is located at the eastern foothills of the Cascade Mountains and at the 
mouth of the Snoqualmie/Stampede Pass Complex. The basin topography of the area (shown in 
Figure 1) causes Ellensburg to be prone to stagnant air events. These are caused by wintertime 
high pressure systems and air inversions and are frequent  during winter months since when 
temperatures drop, wind speeds also decrease. Average high and low temperature and average 
daily wind speed during home heating season are illustrated in Figure 2.  Air movement over 
eastern Washington decreases during winter months because atmospheric pressure increases 
while temperature decreases. These stagnant air events trap pollutants near the ground, 
preventing dispersal into the upper atmosphere.  Due to their small size, PM2.5 particulates have a 
relatively lengthy residence time in the atmosphere (on the order of days) and can be carried long 
distances from their initial emission point (Kinney, 2008) 
 
 
 
 
 
Figure 1. Kittitas County (Source: Kittitas County Air 
Quality Survey, 2014) 
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In 2011, air quality in Ellensburg was labeled the second worst in the state of 
Washington, close behind the City of Vancouver (“Ellensburg Air Quality", 2011). According to 
the air monitoring system maintained by the Washington State Department of  Ecology 
(hereafter, Ecology), in 2011 Ellensburg had a peak 24-hour particulate matter (PM2.5) average 
of 47.0 µg m-3 (“Air Monitoring Data,”n.d.) with Vancouver only slightly worse with a peak 24-
hour PM2./5 concentration of  51.2 µg m
-3. Both values represent “very unhealthy conditions” and 
are much higher than Washington’s healthy air goal of 20 µg m-3 and the federal compliance 
standard of 35 µg m-3 24-hour average (Washington State Department of Ecology, n.d.).  
Demonstrations of the impact of human behavior with, “very unhealthy conditions,” as seen in 
Figure 3, were often observed during stagnant air conditions during winter months as well as 
during wildfire events in the summer.  
Figure 2. Ellensburg, WA Home Heating Season Average Temperatures and Wind speed 
2012-2016. (Data Source: MesoWest) 
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Over the last several years, PM2.5 concentrations in Kittitas County have reached 
unhealthy or levels unhealthy for sensitive groups numerous times during home-heating seasons. 
Figure 3 illustrates the number of times per year that concentrations have reached pollution 
concentration concentrations have reached over 20µg·m-3.  High pollution concentrations have 
drawn the attention of  Ecology and the State Legislature, both of which have identified 
Ellensburg as vulnerable for violating National Ambient Air Quality Standards for PM2.5 during 
home heating season. Kittitas County Public Health defines the home-heating season as lasting 
from early October to the end of March . In 2012, Kittitas County Public Health released a 
general Community Health Assessment. The results of the assessment indicated that poor air 
quality was an area of concern for many residents in the area. In 2013, Ecology approached 
Kittitas County Public Health about taking the lead on an initiative to reduce PM2.5 in Ellensburg 
Figure 3. Ellensburg 24-hr PM2.5 Days per year by WAQA category 2007-2017, Courtesy 
of Jill Schulte, DOE 
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and avoid violating National Ambient Air Quality Standards. Using grant funding from Ecology 
for an Air Quality Project, Kittitas County Public Health assembled an advisory community with 
a variety of stakeholders. Membership of the Air Quality Advisory Committee was established 
through recommendation from previous members, invitations sent via e-mail or letters to local 
non-profit and environmental organizations and outreach at local events for wildfire education 
and an educational fair sponsored by the local environmental organization, Kittitas 
Environmental Education Network. The members of the committee represent the interests of the 
fire department, real estate, health care, university research, home-heating, businesses, and local 
government agencies.  The goal of the committee was to avoid nonattainment status and federal 
regulation to control air quality. This committee constructed a survey, released in 2014, to 
determine the best approach for the community to alter burning behaviors and gauge perceptions 
regarding wood burning for home-heating (“Air Quality” 2015). The survey indicated that at the 
time, less than half of residents surveyed believed that poor air quality in Kittitas County was a 
problem. Responses associated with potential pollutant sources were highly diversified and 
included a variety of potential sources, which include wildfires, woodstoves and fireplaces, and 
diesel fuel/highway traffic. Since the release of the survey, the Air Quality advisory committee 
has been working to find cost-effective approaches to lower PM2.5 concentrations throughout the 
county. A key component to lowering PM2.5 concentrations has been determining the spatial 
patterns and likely sources of pollution.  
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Through funding from the Department of Ecology, students and faculty of Central 
Washington University, monitored air quality with a mobile monitoring system during the winter 
of 2015 to determine hotspot and potential primary sources of PM2.5 pollutions (Johansen, Baker, 
Gibbs, & Hashimoto, 2015). Mobile monitoring took place throughout the City of Ellensburg. 
Results from that study have been used to guide the experimental design of the current study. 
This research project uses Community-Based Social Marketing (hereafter, CBSM) techniques to 
identify and influence positive changes in PM2.5 causing behaviors. CBSM intends to bridge the 
gap between social and natural science by speaking directly with residents about their behavior, 
providing educational materials, then using air monitoring and GIS techniques to display how 
behaviors impact air quality. The CBSM methodology had been strongly encouraged by Ecology 
to evaluate behavioral change because it is not only critical to discover what the sources of 
pollution are, but also to understand what drives the behavior of individuals.  
Figure 4. Ellensburg PM2.5 Days/Year per Year by WAQA Category (Photo Courtesy of Jill 
Schulte, Department of Ecology  
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CBSM can be coupled with “citizen science” to influence social change in behavior.  
Those who identify as “citizen scientists” are people “who have chosen to use their free time to 
engage in the scientific process”  to have an impact in their communities (Dickinson, Bonney, 
Louv, & Fitzpatrick, 2012). Citizen science follows a slightly selfish model of altruism, which 
suggests that the majority of participants are likely to take interest in the overarching goal and 
collective action when it is in their best interest (Dickinson et al., 2012). Contributory citizen 
science relies on the altruistic motivation of most participants, while providing the tools and 
resources that support their interests, health, and hobbies. This project relies on the concept of 
contributory citizen science because residents have been provided with information and tools to 
establish cleaner burning practices while establishing that residents have a stake in improving air 
quality.  
The first step to encouraging behavioral change through citizen science is reaching out to 
residents to participate through interviews and to encourage them to place a sign in a front facing 
window to declare that they utilize clean burning. Ultimately, what this study determined was the 
willingness of residents to partake in citizen science related campaigns.  Creating vested interest 
comes in the form of ensuring cleaner and healthier air with less risk of government intervention 
and long-term health benefits. The development of vested interest in cleaner air quality was 
centered upon convincing residents that their behaviors are connected to poor air quality but they 
can contribute to the solution.  In the Kittitas Basin, there is a known to be a self-reliant and rural 
mentality that embraces traditional methods of heating (wood), but prefers to avoid government 
interventions to change behavior.  
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Research Purpose 
The purpose of this research was to establish a pilot project in a target neighborhood 
using CBSM (McKenzie-Mohr, 2011) techniques. This methodology includes attempting to 
develop a public commitment, discovering incentives and motives to action or inaction, and 
working to develop new social norms to assess and encourage behavioral change with the 
hopeful outcome of influencing residents to recognize and use clean burning practices which will 
produce lower levels of PM2.5 pollution. While working on a CBSM campaign, mobile air 
quality monitoring also occurred. PM2.5 and black carbon concentrations were collected from 
throughout the City of Ellensburg and mapped using ArcGIS to display how behaviors can 
impact air quality relative to the point of emission. As it is viewed as a more promising 
alternative than traditional information-intensive educational campaigns, the CBSM approach 
focuses on removing the barriers to engaging in a desired behavior (e.g., clean burning 
practices). Specifically, in the City of Ellensburg, I have: 1) Studied the 2014 and 2015 Kittitas 
Air Quality Survey to identify barriers and resistance in residents knowledge of PM2.5 and 
wood burning; 2) Invited residents of the target neighborhood to participate an informational 
focus group and distributed a commitment poster; 3) Held the informational focus group and 
interviews with neighborhood participants; 4) analyzed interview content for trends and 
common themes in perceptions and habits with wood burning; 5) Counted displayed 
commitment flyers in target neighborhood; 6) Completed mobile sampling during air 
inversions (and very cold evenings) and statistically analyzed results; and, 7) Mapped pollution 
concentrations collected during mobile using ArcGIS to analyze temporal distribution of 
pollution.  
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Significance of the Study 
This thesis highlights a pilot project for CBSM techniques in one neighborhood in the 
City of Ellensburg to evaluate the effect of influencing behavioral change on wintertime air 
quality. Pollution concentrations throughout the winter months were established via mobile 
sampling for PM2.5 and black carbon. The intention of the CBSM pilot project is to assess the 
habits, behaviors, and perceptions of residents to determine how and why residents follow 
certain burning habits in the “hot-spot” neighborhood identified by the 2015 mobile monitoring 
study. Staff from the Kittitas County Public Health Department and Washington Department of 
Ecology believe that the CBSM approach is an effective method to assess and encourage 
behavioral change because it uses surveys, focus groups, and interviews to identify the 
knowledge and attitudes of residents while also addressing what motivates and incentivizes 
residents to change their behavior. Staff members from the Central Region of the Department of 
Ecology and Kittitas County Public Health have been trained in the CBSM techniques and are 
vested in applying the approach to the City of Ellensburg to reduce PM2.5 concentrations.  
 CBSM techniques have been used successfully to approach problems of litter pollution, 
recycling and energy use.  Examples of successful CBSM campaigns have occurred in California 
to  address energy consumption (Schultz, Nolan, Cialdini, Goldstein, & Griskevicius, 2003) and 
in Canada to address air pollution caused by idling vehicles (Lura Consulting, 2005) . Piloting 
these techniques in a “hot-spot” neighborhood and  then expanding the program could set an 
example for other communities, that face a similar winter air pollution problem, that share 
similar topography and air stagnation frequency,  or to utilize a communal effort to approach and 
issue that all residents have a vested interest in.   
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Ideally, equipped with the findings of this study, community officials and residents could 
work together to promote and practice sustainable burning for home heating to manage PM2.5 
concentrations during the winter months. Reduced PM2.5 concentrations could be linked to 
improving overall community health, reducing frequency of cardiorespiratory issues in the long 
term, and reducing risk of violating National Ambient Air Quality Standards. The findings of this 
study could also be used to develop changes to city code and other policies to create a 
sustainable method to promote better air quality throughout the year. Mobile monitoring has 
already demonstrated utility by uncovering the most likely sources of pollutants and the results 
of previous studies have been used to focus plans for PM2.5 reduction efforts. By adding the 
CBSM techniques to mobile monitoring, obtaining information regarding burning behaviors 
within households and information about the impact of other informational campaigns can be 
assessed to guide future reduction efforts. .   
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CHAPTER II 
LITERATURE REVIEW 
Atmospheric Conditions and Pollution: Stagnations and Inversions 
High concentrations of PM2.5 are linked closely to atmospheric and meteorological 
conditions and emissions (Tai et al., 2012)The strong connection between PM2.5 concentrations 
and meteorological conditions increases concerns regarding climate change and the effects it will 
have on PM2.5 concentrations. There are concerns that increased stagnation events will worsen air 
quality as it relates to PM2.5 (Liao, Chen, & Seinfeld, 2006). Meteorological variables such as 
temperature, humidity, wind speed, and the vertical mixing height of air in the atmosphere play 
critical roles in determining air quality.  
 Research supporting the relationship between air quality and climate is well established 
and substantial.  High air pollution incidences are often closely linked to atmospheric conditions 
that limit horizontal and vertical mixing (Kinney, 2008). Air stagnation occurs when an air mass 
remains over a given area for a prolonged period. During this time with very light winds, 
pollutants become trapped in the area and concentrations of pollutants rise (Norris et al., 2000).  
Two things can cause air inversions, separately or simultaneously: either cooling near the surface 
of the earth or warming in the upper atmosphere (Mass, 2008). High-pressure systems are 
associated with sinking air that eliminates upper and middle level cloud cover promoting cooling 
at the surface. Without cloud cover, radiation emitted from the earth’s surface is able to retreat 
unimpeded into space. During the winter months, long nights and minimal daytime sun allow 
cooling to dominate at the surface level. Typically, as elevation increases, temperature decreases; 
however, during a temperature inversion the phenomenon reverses. Air warms as it is 
compressed and it travels from lower pressure aloft to high pressure closer to the surface. 
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Inversions are likely to strengthen in time as high pressure remains in the upper atmosphere 
(Mass, 2013). 
Inversion layers are closely linked to great atmospheric stability; cold air is dense and 
heavy and naturally tends to remain under the less dense, warm air aloft. A temperature inversion 
acts as a barrier to air movement. Low temperatures and a relatively moist atmosphere can result 
in the development of a shallow fog near the ground that is trapped below an inversion. Weak 
winds that are linked to high-pressure systems keep inversions strong and pollutants in place. An 
air inversion coupled with very weak winds encourage the development of stagnation. The 
inversion can be disrupted by air movement across the Earth’s surface which causes eddies that 
mix air vertically. Turbulent air allows warm air to be forced downward toward the surface and 
cooler air upward, allowing the inversion to weaken (Mass, 2008). 
According to Manahan (2005), the complex movement of air across the surface of the 
earth plays a critical role in the accumulation and dispersal of airborne pollutants. When air 
movement ceases, stagnation can occur causing a buildup of pollutants in a localized area, such 
as a basin.  Due to this phenomenon, neighborhoods that rely on wood burning as a primary heat 
source have potential to have high indoor smoke. Homes that do not use indoor burning are also 
at risk for higher indoor smoke levels because wood smoke can seep through doors and 
windows, even if they are closed because high pressure in the atmosphere keeps pollutants 
trapped near the ground (Dahlgren, Duerr, & Kadlec, 2012).  
PM2.5 and Air Quality Monitoring  
 The Clean Air Act of 1970 designated six prominent air pollutants, including Particulate 
Matter. Due to the variety of potential health effects linked to PM2.5 exposure, the Environmental 
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Protection Agency (EPA) has established health-based criteria to determine concentrations that 
are acceptable to breathe on short and long term bases. The last amendment to the Clean Air Act 
in 1990 required the EPA to implement the National Ambient Air Quality Standards (US EPA, 
n.d.). According to the Clean Air Act, there are two types of ambient air quality standards, 
Primary and Secondary. Primary standards are intended to provide public health protection, with 
special consideration for asthmatics, children, and the elderly. Secondary standards are in place 
to deliver public welfare protection, including protection for decreased visibility, and possible 
damage to animals, crops, or infrastructure.  
If an area consistently exceeds the national standards shown in Table 1, the area becomes 
a “nonattainment area” (US EPA, n.d.). The Clean Air Act requires states to monitor air quality 
to determine how much pollution is in an area. The EPA has designed a system, the Chemical 
Speciation Network (CSN), to provide critical information regarding the chemical composition 
of PM2.5.  Speciation data is housed in the EPA Air Quality System database and is designed for 
government officials and users of environmental data to access and use. The database contains 
organic compound and particulate matter speciation data for over 300 source types. The purpose 
of the database is to break the total organic compounds and particulate emissions from a specific 
source into their individual compounds or elements ("PM 2.5 Speciation | Ambient Monitoring 
Technology Information Center | US EPA", 2016).  
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In 2009, the EPA formally designated a portion of Pierce County, Washington a 
“nonattainment area.” The Wapato Hills- Puyallup River Valley area reached nonattainment 
status for the 2006 National Ambient Air Quality Standards for PM2.5 (Ogulei, 2010). Once an 
area is designated nonattainment, the state must establish a State Implementation Plan (SIP) 
within three years to bring the area back into attainment as expediently as possible. Before 
addressing measures to control PM2.5 in Pierce County, Ecology needed to understand the 
sources of the pollutants. For the SIP, Ecology initiated an effort to identify and quantify the 
most critical pollution sources. Data were collected for the SIP using a stationary speciation 
sampler owned and operated by the Puget Sound Clean Air Agency. A speciation sampler uses 
various types of filters (i.e. Teflon, Quartz, and Nylon) and analytical methods (i.e., 
Chromatography or Thermal Optical Transmittance) to calculate the mass and chemical 
composition of the particles collected. (Flanagan, Jayanty, Rickman, Jr., & Peterson, 2006). The 
24-hour PM2.5 speciation measurements consisted of 74 total species of PM2.5. It was determined 
that the nonattainment air shed in South Tacoma was predominately polluted by wood smoke 
(Ogulei, 2010). It was also determined that individual sources were typically amplified during 
stagnation events. Based on the results from the study completed in the nonattainment area and 
Pollutant
Primary/Second
ary
Average 
Timing Level Form
Primary 1 Year 12.0 µg/m³
Annual Mean, 
averaged over 3 
years
Secondary 1 Year 15 µg/m³
Annual Mean, 
averaged over 3 
years
Primary & 
Secondary 24 Hours 35 µg/m³
98th Percentile, 
averaged over 3 
years
NAAQS PM2.5
Particle 
Pollution
PM2.5
Table 1. NAAQS for PM2.5 (US EPA, n.d.) 
15 
 
 
 
the pilot mobile monitoring study done in 2015 as well as Ellensburg’s topography, and climate 
we can assume that wood burning is also one of the leading causes of elevated PM2.5 in 
Ellensburg. 
 Air quality monitoring using stationary monitors is done throughout the United States to 
provide information for government and the public to make educated decisions about air quality 
concerning health and wellness. The EPA relies on the Air Quality Index (AQI) to report daily 
air quality formation. This system focuses on the health effects that one may experience within a 
few hours or days of inhaling polluted air (“Air Quality Index (AQI) Basics,” n.d.) For the 
Criteria Pollutants listed by the Clean Air Act, the AQI uses a numeric system from zero to 500, 
the higher the value the greater the level of pollution and health concern. The numeric values are 
split into six color-coded categories (Table 2) to label current, local air quality.  
  
 
 
 
 
 
 
 
 
Table 2: Air Quality Index Table Providing Color Designation (“Air Quality Index (AQI) 
Basics,” n.d.) 
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In Washington State, Ecology uses the Washington Air Quality Advisory (WAQA) to 
inform the public when air quality is healthy or unhealthy. The WAQA is similar to the Air 
Quality Index used by the EPA in the use of color-coded categories to indicate air quality 
conditions. The primary difference between the Air Quality Index and the WAQA is that the 
WAQA shows health impacts of PM2.5 at lower concentrations than the Air Quality Index.  
According to Ecology, studies have shown that levels of PM2.5 in the air that were once thought 
to be safe can in fact cause illness and death(“Air Monitoring Data,” n.d.). It has been stated by 
Ecology that there has been no level of PM2.5 concentrations that is completely healthy.  Table 3 
examines the numeric differences in micrograms per cubic meter between the EPA Air Quality 
Index and Ecology’s Washington Air Quality Advisory, 
 
 
 
 
 
 
 
  
 
 
Table 3: WAQA and AQI Comparison displaying Washington State’s 
standards for compliance are lower than the AQI Standards (“Benton Clean 
Air Agency,” n.d.) 
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Regular monitoring of air quality in Ellensburg is done using a stationary nephelometer 
atop the Hal Holmes Community Center. A nephelometer is an instrument that measures the 
light scattering of collected aerosols by measuring the light scattered by the aerosol subtracted 
from the light scattered by particle-free air. The stationary instrument has indicated elevated 
concentrations of PM2.5 in the past several years with little information regarding sources of the 
pollution and the geographic distribution of particles (Johansen et al. 2015). In addition to the 
nephelometer atop the Hal Holmes Building, a new stationary monitor, the Grimm EDM180, 
was installed on top of the new science building at Central Washington University. This 
instrument is based on the scattering of particles and provides mass measurements of PM2.5, 
PM1.0, and PM10. The optical technology of the instrument allows it to detect multiple PM values 
at once. A specially designed field detector within the instrument improves the detection limit for 
small particles and reduces the sizing effects by the refractive index. An additional filter provides 
a validation of mass measurements ("Grimm EDM 180 Dust Monitor", 2011) 
 In 2015, a collaboration between Central Washington University, Ellensburg High 
School, and Ecology began with the intention of learning more about the sources and geographic 
distribution of PM2.5 during air stagnation events. Data collection occurred over 4 days of 
sampling between the hours of 4:00PM and 10:00PM. The compilation of the Hal Holmes 
nephelometer and the mobile monitoring data established that the PM2.5 concentrations are the 
lowest in the early afternoon, during the warmest part of the day. Concentrations typically begin 
to climb in the evening hours and the concentrations are the highest in the early morning when 
the temperature is the lowest and the inversion is at its shallowest. High concentrations are likely 
fueled by nighttime burning habits when many people dampen down stoves and deprive them of 
oxygen, resulting in incomplete combustion, which creates high levels of PM2.5 and the lowering 
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of the mixing height of pollutants. The results of the study indicated that the temporal distribution 
of pollutants increase significantly in areas where wood is used for home heating, whereas 
pollution from vehicular traffic was predominantly seen during rush hour traffic as determined 
with a co-located black carbon monitor. It was concluded that the rise in PM2.5 concentrations in 
the early evening is due to the increase of wood burning in stoves for home heating and a 
reduction in air movement caused by cooling temperatures (Johansen et al., 2015).  
 Mobile air quality monitoring is a developing and valuable tool in providing a more 
accurate glimpse at a city’s pollution patterns. Aclima, a San Francisco based company that 
develops environmental sensor networks, announced in the summer of 2015 a partnership with 
Google Earth Outreach to utilize Street View Cars to better understand urban air quality (Lass, 
2015). Prior to the partnership, Google Street View Cars were equipped with cameras, lasers, and 
GPS devises to create 360-degree panoramic images for Google Maps. A pilot project equipped 
three Street View Cars with an Aclima mobile sensing platform to take real-time measurements 
of pollutants that can affect human health or climate change including, nitrogen dioxide, carbon 
dioxide, nitric oxide, ozone, carbon monoxide, methane, black carbon, particulate matter, and 
Volatile Organic Compounds. The initial pilot project occurred in Denver, Colorado. The project 
accumulated over 750 hours of sampling, and collected over 150 million data points. In an 
interview with Northwest Public Radio, Aclima CEO and co-founder Davida Herzl stated, “We 
are for the first time able to really take a city scale snapshot of pollution … The existing way that 
we understand air quality in cities is through government-mandated monitoring stations. 
However, those monitoring stations are sparsely distributed in cities. So we understand kind of 
what's happening at a regional level, but we don't really understand how pollution moves through 
a city, how it differs block by block, street by street” (Sanders, 2015) 
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 For the EPA to assess whether an area is meeting or exceeding air quality standards, they 
rely on a nationwide network of mobile monitors in place for regulatory purposes. The stationary 
equipment does not provide a complete picture of air quality at the ground level. The Aclima 
mobile sensing equipment partnered with the Street View Cars delivers complimentary street 
level, air quality data to accompany the regional data provided by stationary EPA monitors.  
EPA representative Dan Costa stated, “Our research partnership with Aclima is helping us 
understand air pollutants at the local and community level, and how they move in an urban area 
at the ground level. New mobile air measurements can complement existing stationary 
measurements for a more detailed picture of personal and community air quality” (Lass, 2015). 
As mobile sampling continues to develop, the understanding of pollutant distribution and 
movement will increase, therefore providing information to improve policy and raise awareness 
for health purposes.  
Community-Based Social Marketing 
 Fine particulate pollution is caused by a variety of combustion processes, but has been 
identified as being primarily due to wood burning. In Washington State, the Department of 
Ecology (Dahlgren et al., 2012) reports that nearly half of the statewide sources for particulate 
pollution during winter months come from wood burning stoves. The amount of smoke produced 
by wood burning stoves can vary based on the habits and tendencies used by operators. Poor 
burning habits can include burning wet wood or prohibited items (i.e., garbage), using a stove 
not certified by the EPA, or limiting the amount of oxygen the fire receives to stifle temperature. 
Based on previous research, in areas with extensive use of wood for home heating, PM2.5 -
concentrations tend to be higher. To remedy these poor burning habits, a typical resource has 
been community educational campaign. According to Doug McKenzie-Mohr (2014), the 
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“Attitude-Behavior” approach to changes in behavior aims to increase public awareness and 
encourage actions that are supportive of a desired activity. One approach to gain public 
awareness and support of a desired activity involves using a public commitment, for example, a 
sign in someone’s window or yard with an announcement indicating “We burn clean!" could be 
used to bolster support and awareness. The purpose of the public commitments sign is to create a 
sense of social responsibility among neighbors. The social responsibility would hopefully 
decrease the likelihood of individuals participating in PM2.5 causing behaviors due to the 
proclamation of a household to burn clean. The use of social marketing has made a profound 
impact on a variety of issues in areas including public health, injury prevention, and 
environmental health (Lee & Kolter, 2008). 
Kittitas County Public Health Department’s (KCPH) Air Quality Program has been based 
largely on providing information via several media outlets to inform residents about air quality in 
hopes of encouraging some type of behavior change. KCPH had worked for the last several years 
on information and educational campaigns. The department has had booths at major events 
throughout the county, published articles in the local newspaper, and partnered with Ecology, 
local non-profit organizations, the fire department, and other local organizations to collect 
outdoor waste and old, uncertified stoves with the hope of changing individual burning habits. 
These campaigns have successfully resulted in an increase of individuals believing that air 
quality is an issue; however, a gap still exists between knowledge of the issue and change in 
behavior because residents may not fully comprehend the impact that their burning habits may 
have on air quality throughout their community. Inundating residents with information regarding 
clean burning practices is unlikely to change behavior because programs based solely on public 
education have little likelihood of effectively changing behavior (McKenzie-Mohr, 2011).  
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Financial incentives are another set of tools often used to spur behavior change. According to 
McKenzie-Mohr’s findings on behavioral change, financial incentives, such as EPA stove 
buyout programs, alone cannot foster sustainable behavior because they do not address the 
barriers to the behavior being adopted. McKenzie-Mohr suggests that financial incentives may 
not address all attitudes that encourage one to burn wood—e.g., perceived cost savings or 
challenge to traditional values.  
Therefore, CBSM is suggested as an alternative approach to change behaviors. 
McKenzie-Mohr (2011) asserts that CBSM techniques are based on research in the social 
sciences that exhibit behavioral changes are most effectively attained through initiatives and 
programs that are delivered at the community level, which focus on removing the barriers that 
prevent individuals from participating in a specific behavior. The process of CBSM is composed 
of four steps: 1) uncovering barriers to behaviors and using this information to select which 
behavior to promote; 2) designing a program to address selected behaviors; 3) piloting the 
program; and 4) evaluation and broad implementation.  The primary goal of CBSM, in 
comparison to an information or economic incentives based program, is acknowledging barriers 
that prevent individuals from engaging in the target behavior (McKenzie-Mohr, 2011). 
Many major international and domestic behavioral change campaigns have incorporated 
large social marketing components (Andreasen, 1994).  It has been noted (Kennedy, 2010) that 
existing regulation alone is unlikely to promote sustainable behaviors from the public. To some 
degree, official regulation has been used to alter behavior with respect to environmental issues; 
however, regulating the actions of every individual is extremely difficult and the use of social 
marketing programs to support regulatory measures has not been widely explored. Due to the 
collective impact that individuals have on the environment, it is important for regulations to be 
22 
 
 
 
complemented by additional approaches that address a variety of factors related to motivation. 
Motivation for compliance is a wildly explored concept throughout literature. For example, 
Becker’s (1968) influential deterrence model holds that individuals are likely to be more 
compliant with regulation when there is a threat of punishment. Additional motivational factors 
include Tyler’s (1990) instrumental perspective which asserts that individuals are motivated by 
self-interest and that behavior is shaped by changes in perceptible incentives and consequences. 
May (2004) notes that alternative methods of motivations are likely to rise due to “affirmative” 
motivation for compliance which emanates from good intentions and a sense of moral obligation 
to comply. Sutinen and Kuperan (1974), note that motivation may also be intrinsic and linked to 
morality and the desire to “do the right thing.” Kittitas County and Ecology utilize financial 
incentives including, stove buy-out programs, yard waste disposal days and are leaning in the 
direction of including financial penalties for excessive smoke production.  
 Andreasen (1994) asserts that social marketing programs need to have the goal of 
influencing voluntary behavior changes that are going to benefit the individual or society as a 
whole, instead of the organization administrating the program. Critics of traditional social 
marketing believe that there is too much of a reliance upon advertising (educational campaigns). 
Passive media based campaigns are often powerless because knowledge of issues (i.e. poor air 
quality caused by home heating), and the economic self-interest linked to the gains from 
behavior change may be insufficient lead to behavioral change (Johnston, 2006).  
CBSM was developed out of a need to bridge the gap between knowledge and action 
(Kolluss & Agyeman, 2002); this approach is intended to be more reliant on identifying the 
barriers that cause individuals to change or not change their behavior. This project in particular, 
attempts to bridge the gap between knowledge and action by speaking with residents directly 
23 
 
 
 
about their burning habits and their thoughts on air quality, while providing information about air 
quality, and producing images to display air quality concentrations around various areas. The 
hope is to discover what may encourage better burning practices within the study area.  
The use of the CBSM approach for behavioral change relies on an understanding of how 
and why individuals act the way they do. The use of behavioral science and psychology is seen 
by many as a better way to serve people in a community as a whole. This research connects the 
use of social and physical science to discover attitudes and perceptions of wood burning with the 
community and visually display how those behaviors impact air quality in the neighborhood.  
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CHAPTER III 
METHODS 
 The following sections are detailed accounts of the methods used throughout this study, 
including; target neighborhood selection, mailer and focus group question design, focus group 
invitation process, interview and survey participant selection, sampling route design, 
instrumentation, and data processing. 
Target Neighborhood Selection 
The target neighborhood for this study was selected by evaluating the results of the 2015 
Ellensburg Air Quality Final report (Johansen et al., 2015).  The results of the study indicated 
that the group of homes stretching from West University Way to West 14th Street and North 
Water Street to North Okanogan Street consistently exhibited higher concentrations of PM2.5. The 
target neighborhood is specified in the light blue box in Figure 5 below.  
 
 
 
 
 
 
  
 
 
Figure 5. Left Panel: Composite map including all PM2.5 data collected in winter 2015. Right Panel: 
Highest PM2.5 concentrations collected in winter 2015 in target neighborhood (Johansen et al, 2015) 
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Flyer and Focus Group Design 
 The creation of a mailer to send to residents of the target neighborhood was intended to 
serve as part of the community-based social marketing strategy to promote sustainable burning 
habits within the target neighborhood.  The focus group and mailer combine the first two steps of 
the CBSM strategy proposed by Doug McKenzie-Mohr (2000). Step one of McKenzie-Mohr’s 
process requires uncovering the barriers participating in a specific behavior and step two uses the 
information uncovered in step one to design a program to address the behaviors. The 2014 and 
2015 Kittitas County Air Quality survey were examined to determine areas of weakness in 
residents’ understanding of PM2.5 and clean burning habits To design the flyer and focus group 
invitation the results of. One of the barriers to clean burning behaviors discovered by studying 
the 2014 and 2015 survey, prior to any informational campaign, was fewer than half of people 
surveyed believe that air quality is an issue and individuals had little to no understanding of the 
term PM2.5. Lack of knowledge or belief in the issue provides a large barrier to encouraging clean 
burning habits because individuals do not believe their actions are contributing to a larger issue 
in the community.  The flyer provides a brief description of what PM2.5 is, how it is harmful to 
health, why it is a problem in Ellensburg, WA, items that are legal and illegal to burn, and where 
to find burn ban information. The alternate side of the flyer is small poster to display in a 
window for a household to  demonstrate and proclaim “We Burn Clean!” This poster was 
intended to raise neighborhood awareness of sustainable burning and remind residents of the 
home to burn clean. Information selected for the flyer was chosen based  findings from 2014 and 
2015. Data were intended to be displayed in brief summaries to explain PM2.5, its health impacts, 
where it comes from, and why it becomes a problem in Ellensburg. Additionally, information 
was provided by KCPH and Ecology for residents wishing to learn more about the issue. Images 
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chosen were to be easy to comprehend and show local conditions with poor air quality to provide 
a more accurate representation of poor air quality conditions in Ellensburg. The images, aside 
from clipart images have been used in other informational material distribute to the community. 
The credit for the images is provided in Appendix A.  
When residents received the flyer,  which had been sent out in early November, they also 
received an invitation to participate in a focus group on November 30, 2016 at the Kittitas 
County Public Health denartment building. The purpose of the focus group was to assess the 
neighborhood’s perceptions on PM2.5 and neighboorhood observations. To send the flyers and 
invitations to residents using the US Postal Service, names and addresses were obtained by 
downloading the Kittitas County parcel data shapefile for GIS from the county assessor's office. 
Once the data was downloaded, information from the attribute table was exported into a 
Microsoft Excel file. Of the 180 homes in the target neighborhood approximately 90 mailers 
were sent with the hope of having  6-8 participants for the focus group. The goal number for 
participants was 6-8 because this would provide an average sized focus group representing 
approximately 10% of the target neighborhood.   However, not all residents received a mailer 
because most programs regarding home heating focus on home owners, not renters. Parcel data 
obtained from the assessor's office contains a street address and a mailing address and incidents 
where the street and mailing address did not match were eliminated with the intention to avoid 
renters.  Initial focus group invitations were intended to avoid renters because most large scale 
programs regarding stoves are aimed at home owners who are able to change out wood stoves 
and have the ultimate responsibility for making decisions about the  home.  Questions for the 
focus group and interviews are shown in Appendix B with the notes and content collected from 
the interviews.  
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Interview Participant Selection and Data Collection 
  As no residents participated in the focus group this indicated the need for an alternative, 
way to recruit participants for the study.  The use of interviews for data collection from 
neighborhood residents was initially put into the design of the study as a contingency option if 
the results of the focus group did not provide an adequate response; the participants were 
selected based on neighborhood observation. Observations in the target neighborhood were 
conducted during mobile sampling trips and during walks throughout the neighborhood. The 
purpose of the observations was to identify homes that had chimneys that were seen with smoke 
or large piles of wood. Participants for interviews were selected using convenience and 
accessibilty sampling techniques. Interviews were completed during the winter of 2017. Homes 
were observed in the target neighborbood and homes with chinmeys frequently producing lots of 
smoke were noted as potential interview participants during the mobile sampling trips and during 
frequent walks around the neighborhood. A total of 15 interviews were conducted throughout the 
target neighborhood; 15  interviews was the goal for interviews in order to evenly distribute the 
interviews throughout the 3 major streets of the target neighborhood.The questions that were 
initially intended for the focus group were repurposed for the interviews by removing any 
component that had intended to encourage discussion amoung focus group members and, instead 
focusing questions primarily on individual behaviors. 
 Residents were approached in two ways: (i) residents observed outside of their homes 
were approached and asked for a few moments of their time, then presented with a brief 
introduction of myself as the researcher and the purpose of the research being conducted; (ii) 
homes  that had been observed producing  excessive smoke during sampling trips were 
approached by knocking on their doors. The interview process was explained and an informed 
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consent form was distributed to participants and it was explained that no personal data would be 
used and no penalty would come to them based on their  participation and that this research was 
not affiliated with Kittitas County Public Health.  Indentifying information including gender, 
descriptive characteristics of the home, and location of the homes intervied was removed in order 
to protect the identity of residents that participated in the study. Data collected in interviews was 
logged directly into a composition noteook. After data collection, it was entered into a Microsoft 
Word document. Once data was collected, it was counted (for yes and no questions) and lengthy 
responses and discussions were paraphrased in anecdotal form.  
Route Design, Timing and Sampling Days 
 The route used for mobile sampling in this study was designed to be very similar to the 
sampling route used in the 2015 Air Quality Study (Johansen et al., 2015). There were several 
criteria involved in desigining the most optimal route for mobile monitoring for PM2.5 in 
Ellensburg, WA. Criteria for the sampling route included: 
• Sampling in areas of town with high densities of older homes were more likely to use 
wood for home heating. 
• Sampling during rush-hour traffic and early evening when people get home and are 
beginning to light their woodstoves for heat. 
• Limiting the time it takes to complete one lap to approximately fifty minutes driving at 
speeds of 20-25 miles per hour to assure that 5 sampling laps could occur in one evening. 
In 2015, the sampling route also included collecting data on both sides of I-90 to determine 
the impact of the high vehicular traffic on PM2.5 concentrations. The results of the 2015 study 
indicated that the interstate had minimal impact on the overall pollution concentrations of the 
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area; therefore, the portion of that sampling route has been removed from the current study. The 
finalized route in for this study is indicated in Figure 6. The final sampling route places more 
focus on the target neighborhood, designated in the red box. Sampling takes place over 5 hours 
starting at 5:00PM and continuing until 10:00PM. Sampling occurred over 5 days.  
 
 
 
 
 
 
 
 
 
In order to select sampling days which were representative of inversion and stagnant air 
conditions weather and air pressure patterns were tracked carefully in coordination with the 
measured PM2.5 values from the top of the Hal Holmes Community Center. The National 
Weather Service (US Department of Commerce, n.d.), Weather Underground (“Ellensburg, WA 
(98926) Forecast | Weather Underground,” n.d.), and the Washington State Department of 
Ecology Air Monitoring Network (“WA State Air Quality,” n.d.)websites were accessed 
frequently to observe temperature and pressure. The panels of Figure 7 are screen shots of air 
pressure and weather information in the week prior to the sampling day on February 7, 2017. 
Figure 6. Sampling Route 2017 
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Figure 7 (left panel), from the National Weather Service is a surface analysis map that indicates 
air movement. This map assists in predicting sampling days, due to various air pressure systems 
moving into the area. The distance between the lines indicates the type of pressure system over 
an area; the further apart the lines are high-pressure system when an air inversion is more likely. 
 
 
 
 
 
 
 
 
 
Data collection occurred over 5 evenings of sampling in the winter of 2017. Of these 5 
days, 3 occurred during burn bans declared by Ecology. Table 4 provides a summary of all 
sampling days. PM2.5 data shown in Table 4 represents 24-hour data collected from the Hal 
Holmes monitoring site. 
 
 
 
Figure 7. Left Panel: Surface analysis map from National Weather Service for 
February 7, 2017 Right Panel: Weather Forecast from Weather Underground for 
week of February 7, 2017. 
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Instrumentation and Data Analysis 
 Two types of instruments used to collect information about particles in Ellensburg: a 
nephelometer for PM2.5 and a micro aethelometer for black carbon (BC), a component of PM2.5. 
The instruments used are described in detail below: 
PM2.5 Particle Collection with a Nephelometer   
 A Central Washington University owned MetOne (Model M903) nephelometer; shown in 
Figure 8, purchased for the 2015 Mobile Air Quality Monitoring was used for data collection in 
this study. This nephelometer is similar to the model utilized by Ecology for regular monitoring 
of PM2.5, on the roof of the Hal Holmes Community Center in downtown Ellensburg. The basic 
principle of a nephelometer is that it measures the light scattering extinction coefficient based on 
geometry of the instrument. Sensors within the instrument allow for corrections to the Raleigh 
scattering based on changes in ambient air and pressure. The device detects the scattering 
properties of the aerosols collected by evaluating light distributed by the aerosol and subtracting 
light scattered by particle-free air, which is contained in the dark walls of the instrument column 
and the background noise in the detector. Using a nephelometer, PM2.5 concentrations must be 
Trip ID Date
Approx 
Time
# of 
Loops
Average Temp. 
(F), RH%
Average 
Windspeed
Average, (Min-
Max) µ/m³ Burn Ban
1 5-Jan-17 5-10PM 3 10.0, 69.0 2mph 12.15, (4.6-21.8) No
2 26-Jan-17 5-10PM 5 31.0,81.0 2mph 10.13, (6-15.8)
3 30-Jan-17 5-10PM 5 24.0, 85.0 3mph 10.39, (4.4-15.7)
4 7-Feb-17 5-10PM 5 14.0, 84.0 4mph 13.65, (19.4-7.8) No
5 14-Feb-17 5-10PM 5 18.0, 81.0 2mph 46.53, (27.1-58.5) Yes
Summary Table for  2017 Sampling Days
Yes
Table 4. Summary of Sampling Day Characteristics for 2017. Average PM Concentrations 
retrieved from Hal Holmes monitor during sampling hours (5:00-10:00 PM) 
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estimated using a previously established and location-specific mathematical relationship between 
the given scattering coefficients and PM2.5 mass concentrations. A nephelometer does not 
measure particle mass concentration directly; therefore, results yielded using a nephelometer 
transmit an embedded degree of uncertainty and cannot be used to exhibit compliance with 
federal air quality standards. Prior to each sampling trip, the nephelometer is calibrated per 
manufacturer-supplied instructions to ensure that the instrument was working properly.  
 
  
 
 
 
 
Raw data recorded by the nephelometer is given is as bscat values, which are then 
processed to produce values in µg·m-3. Correspondence with Jill Schulte from Ecology for the 
2015 study provided a formula to convert bscat values. According to Schulte (2015), the various 
constants in the formula (Eqn.1,  Johansen et al., 2015) were developed based on a correlation of 
bscat to PM2.5 to mass at Hal Holmes in 2008. 
PM2.5 (
µ𝑔
𝑚³
)=10^(0.980161758∗(logbscat×10000) +1.522712749)  Eqn. 1 
The nephelometer samples at a rate of one measurement per second, which is more 
representative of approximately a 10-second moving average due to the continuous flow of gas 
Figure 8. CWU owned MetOne Model M903 Nephelometer with other sampling 
components including heater and funnel. 
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through the column. Consequently, a 10-second average was established to provide one data 
point per 10 seconds using the statistical calculation program, R. 
Black Carbon Data Collection with a MicroAethelometer 
A Central Washington University owned microAeth AE51 model microaethelometer, 
shown in Figure 9, to collect BC data during sampling trips. This model is a pocket-sized and 
real-time device that monitors black carbon aerosols. An aethelometer measures the rate of 
change in absorption of light at 800 nm on various particles. Collected aerosol particles are 
continuously collected and deposited on a filter. BC steadily absorbs light and with a relatively 
constant absorption coefficient over a large spectral region. Assuming BC is the key light 
absorbing aerosol species the instrument is able to calculate the BC component specifically from 
the absorption data.  
 The microAeth collects data in 1-second intervals. Particles are collected with a black 
inlet hose provided with the instrument without an inlet cyclone, allowing particles far larger 
than PM2.5 can be collected. Data collected by the microAeth was processed into 11-point 
moving averages utilizing processing software available through the Aethlabs website 
Figure 9. Handheld MicroAethelometer, Model 
AE51. (aethlabs.com) 
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(https://aethlabs.com). Subsequently data is processed again with R to pair the GPS coordinates 
with the BC data points and provide 10-second averages. 
Mobile Sampling Setup 
 Set up for mobile sampling typically began at 4:30 PM in order to start driving and 
collecting data at 5:00 PM. All instruments were placed into the back seat of a small car 
(Volkswagen Jetta). For each sampling trip, equipment used to collect data included one 
nephelometer, a microaethelometer, a Garmin GPS, and an HP laptop. A power converter 
plugged into the cigarette lighter powered the nephelometer and laptop while the respective 
batteries powered the GPS unit and microaethelometer. Instruments were placed into the back 
seat of the vehicle and the collection tubes were combined to utilize one funnel. The funnel was 
covered with nylon stocking material to prevent larger debris from entering the inlets of the 
instruments. The sampling set up is shown in Figure 10. For collection, the funnel was placed 
between the window and upper frame of the back door on the passenger side of the vehicle. 
 
 Figure 10. Left Panel: Nephelometer and Microaethelometer in back 
seat of car for sampling. Right Panel: Funnel Used for data collection. 
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The data were logged directly onto an HP laptop using an RS232 to USB cable. Using the 
TeraTerm program that also time-stamped data points from the nephelometer. Data points 
collected from the GPS unit and microAeth were stored independently on the devices and 
downloaded later.  
Data Processing and Analysis 
 For both BC and PM2.5, composite and 1-hour maps were generated to display 
concentrations throughout the City of Ellensburg on each of the sampling days. The 1-hour maps 
display each 10-second average as a circle that was given a color based on a graduated color 
scheme for the values of the map. Average composite maps were also produced to include 
several data sets per map. The composite maps provide a stronger interpretation to the temporal 
hotspots for PM2.5 and BC. The composite maps used a “fishnet” average in ArcGIS. The 
“fishnet” calculates a geometric mean PM2.5 concentration within 300 meters each plotted point 
in an evenly spaced grid. Three hundred meters was selected as the distance for the buffer 
because it has been found, according to Karner et al. (2010), at 300 meters away from a roadway 
PM2.5 and BC concentrations decrease by 80% and 50%, respectively from their initial source 
concentrations. Some of the outermost data points generated in with the “fishnet” pattern did not 
have many data points in the buffer that was produced. To eliminate the outermost data points 
displaying data that were not directly sampled, data points within the attribute table in ArcGIS 
were sorted by the number of inputs to each buffer so that data points with less than 10 inputs 
were deleted. This avoided extraneous data appearing in maps. 
Five types of composite maps were generated by using the “fishnet” averaging for both 
PM2.5 and Black Carbon. 
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i. Overall Composites, show the average for all five of the sampling days. This produced 
one map containing sampling data from all 5 days of sampling. Overall composite maps 
were created for PM2.5 and BC. 
ii. Hourly Composites, show the average for one hour from all five sampling days. This 
generated 10 maps, one for each hour from 5-10 PM for both BC and PM2.5. 
iii. Daily Composites, shows the average of all five hours on one individual sampling 
day. This produced a total of 10 maps, one for each of the 5 days for BC and PM2.5.  
iv. BC percentage of PM2.5, show the percentage of BC within PM2.5 using the composite 
map of all 5 days of data collection. This map utilized a 1-minute average of data points 
instead of a 10-second average.  
v. Comparison of 2017 and 2015 data, shows the change between the composite data 
collected in 2015 and 2017. Maps produced to show change for PM2.5 and for BC, 
generating 2 maps. Changes from data collected in 2015 and data collected in 2017 were 
calculated using subtraction and a ratio to display relative change. These maps use the 1-
minute average data points.  
High resolution maps were also made for both PM2.5 and BC using the 10-second average 
data 1 map was created for each hour of driving. Of the 25 possible maps (5 hours of sampling x 
5 days of sampling) 22 maps were generated for PM2.5 and BC due insufficient data were 
collected from 5:00-6:00 PM, 6:00-7:00 PM, and 7:00-8:00 PM on the first sampling day, 
January 5, 2017. Data gaps were caused nephelometer complications. For comparison, 1-hour 
maps also include data collected from the Hal Holmes Community Center (HH) monitor located 
in downtown Ellensburg and the Science II (S2) monitor located on the Central Washington 
University Campus.  Data collected from these monitors is displayed as a considerably larger 
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point than the data collected during mobile sampling. Data points displayed for the stationary 
monitors is representative of a one hour average.   
 Data analysis to compare data collected in 2015 and 2017 was completed spatially. The 
route used to complete mobile sampling in 2017 was changed slightly from the route in 2015. 
The 2015 study was intended to capture air quality data from key locations around the City of 
Ellensburg, including downtown, various neighborhoods, and near I-90 to determine the hotspot 
areas for PM2.5. For the present study focus was on the hotspot neighborhood, thus the route for 
mobile sampling in 2017 was altered slightly. An additional section was inserted into the target 
neighborhood while the segment crossing I-90 was removed from the route. The change in the 
route removed the possibility to compare the data collected from 2015 and 2017 as a function of 
time, instead the data had to be compared spatially. This was accomplished by using the 
“fishnet” points. All of the 1-minute average mobile monitoring data were imported into ArcGIS 
and utilizing the “fishnet” points an overall geometric mean was calculated to create an easy to 
read gridded summary. Using the “Join Data” tools, the data were joined within the layers based 
on the similarity of the attributes. Using this “Join” tool, one attribute table was created with all 
the data from 2015 and 2017. Once the data was joined, fields were added to the attribute table to 
calculate the values for “PM2015” and “PM2017” using Eqn. 1. An additional field was added to 
create a ratio to display relative change. The equation used to calculate the relative change is 
shown in Eqn. 2. 
(𝑃𝑀2.52017−𝑃𝑀2.52015)
𝑃𝑀2.52015
                    Eqn. 2   
Once calculated the data were then displayed on a map using a diverging color scheme. 
The central value in a diverging color scheme is traditionally a light or neutral color (i.e., white) 
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and the colors get darker for positive and negative values. For PM2.5 the shades of red display 
higher (positive) values and the shades of blue display lower (negative) numbers. Equation 2 was 
also used for “BC2015” and “BC2017”. Maps generated to display the differences between 2015 
and 2017 BC utilize a diverging color scheme where shades of green indicate reduction in 
concentrations, white remains neutral, and shades of blue indicate higher concentration in 2017. 
 Additionally, data were analyzed using Microsoft Excel. Data points from three similar 
neighborhoods, including the target neighborhood, the neighborhood near Mountain View Road, 
and the neighborhood near Brick Road (indicated by the red squares in Figure 10), were 
extracted from the attribute table and imported into Excel workbooks. The workbooks were 
combined to display the PM2.5  concentrations for both 2017 and 2015 for each of the 
neighborhoods with similar characteristics. An average was taken for the average relative change 
and the between each of the neighborhoods. From the averages, bar charts were created to show 
the change between the neighborhoods.  
  
 
 
 
 
 
 
 Figure 11. Neighborhoods used for comparison of 
2017 and 2015 data 
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CHAPTER IV 
RESULTS AND DISCUSSION 
The following sections detail the results established for the CBSM project and mobile 
monitoring of PM2.5 and Black Carbon during the winter of 2017.  
CBSM Results 
 The first phase of this research was intended to create a pilot Community-Based Social 
Marketing Campaign to evaluate behavioral change in the target neighborhood. The first 
component of the CBSM project was to study the 2014 and 2015 Kittitas County Air Quality 
Survey to determine informational concepts and behaviors to focus on. With this information, the 
informational flyer was created with PM2.5 and air quality information on one side and a 
commitment poster to be placed in a window on the other. In the target neighborhood, 80 flyers 
and invitations to the focus group were dispersed via the US Postal Service in November of 
2016. The flyer and commitment poster are shown in Appendix A.  The following sections 
outlines the results from the focus group and the interviews that occurred throughout the winter 
of 2017. Complete notes collected from the interviews have been included in Appendix  B. 
 The focus group was scheduled for late November of 2016, which was designed to be in 
the early stages of home-heating season. The session was to be held in the early evening at the 
Kittitas County Public Health building. However, the focus group yielded no participants. Lack 
of participation for the focus group indicated that inviting residents to leave their home in the 
study was not an effective method of recruiting residents to participate. The lack of participation 
for the focus group could be associated with multiple factors; the scheduled time of the focus 
group being near a major holiday when people tend to get very busy and the with the focus group 
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being located at the public health building, it is possible that residents were intimidated  by the 
location. Results of the focus group required the CBSM project to be reevaluated in order to 
achieve the necessary participation. The focus of the research then shifted to one-on-one 
interviews within the target neighborhood. The goal of 15 interviews was achieved. Of the 17 
total residents who were asked to participate in the study, 15 participated fully, one declined the 
interview completely, and one declined to answer majority of interview questions, but requested 
that their comments be included in the study to provide additional thoughts about wood-burning. 
One of the residents interviewed indicated that they had seen the focus group invitation, but was 
unable to attend due to timing. The other 14 residents stated they did not see the invitation or 
commitment posters. Residents were selected for interviews based on convenience, observation 
during mobile sampling trips and observations of wood burning due to proximity to the target 
neighborhood. Of the CBSM commitment posters sent with the invitations to the focus group, 
two were observed as displayed in the target neighborhood on the first sampling trip, January 5th, 
however, they had been taken down part way through the burning season. The homes that 
displayed the commitment posters were approached for interviews, but they did not answer the 
door or were not home. Additional commitment posters were distributed to residents at the 
conclusion of each interview, however none were displayed.  
 The first goal of the interviews was to determine perceptions regarding local air quality. 
When asked if they believed that air quality is an issue in Kittitas County, and more specifically 
the City of Ellensburg, responses from residents varied greatly. Of the 15 respondents, five 
residents in the target neighborhood believe that air quality is a problem, eight residents did not 
believed that air quality is a problem, and 2 residents were completely unsure. Many of the 
residents who indicated that they did not believe that air quality was an issue in Ellensburg 
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followed their response with an immediate explanation of why they did not believe that it was a 
problem. Respondents clarified they did not believe air quality is a problem compared to other 
places around the world or in the United States, like Los Angeles. Other residents stated the 
belief that air pollution is global problem, but not in Ellensburg. Residents that indicated they do 
believe air quality is a problem also indicated that they believe it can be a problem according to 
what they have seen in the local news. Articles in the newspaper about air quality and local 
geography were referenced as the reason that air quality was believed to be an issue. One 
resident specifically referenced the woodstoves, agricultural dust, and asked questions about 
additional studies occurring to discover how much pollution comes from Western Washington.  
 Interview participants were also asked a variety of questions regarding their primary 
sources of heat and whether they were aware of materials that were legal to burn. Of the 15 
participants, two utilize a woodstove as their primary source of heat. One of the residents that 
utilizes a woodstove as their primary source of heat also had baseboard heaters in the home but, 
the resident explained they did not consider the baseboard heaters a reliable source of heat, due 
to the difficulty to maintain temperature and perceived fire hazards. These particular residents 
were renting their home, and indicated that upgrading their stove or heating system was out of 
their control. Residents in this neighborhood use a variety of heating sources including baseboard 
heaters, forced air furnace, gas stove inserts and woodstoves (often as a secondary source of heat 
when winters get exceptionally cold). The other resident who stated their woodstove was their 
primary source of heat declined to answer the rest of the survey questions; this particular resident 
expressed worry that data collection about wood burning could potentially result in creating a 
ban of wood burning throughout the county and did not want to be forced to upgrade their 
primary source of heat.  Overall, this particular resident seemed to distrust the research being 
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conducted. Initially, they seemed receptive but the tone of the interview changed when their 
demeanor became defensive of their home heating practices. Another resident explained that the 
woodstove was a supplementary source of heat because not all rooms in the home have 
baseboard heaters. Nearly all the residents explained that burning wood on cold winter nights 
provides a very cozy and traditional feeling that cannot be replaced by a furnace or natural gas.  
 Another primary goal of the interview questions was to determine knowledge about 
burning materials. Residents were asked to identify items that were legal and illegal to burn. 
Residents responded with a variety of materials for both categories. The most common responses 
for materials legal to burn included wood, “Presto” logs, and clean papers. Residents that 
frequently used their woodstoves included that wood should be seasoned and dry before use. One 
individual added the only materials used in their woodstove were “Presto” logs and that they 
used fire-starter bricks instead of paper and kindling to start the fires.  When asked about 
materials that are illegal to burn, residents named materials such as garbage, packaging, plastics, 
treated wood, and tires. Three of the residents that named materials illegal to burn specified that 
they knew that the materials that are illegal to burn produce a foul smelling smoke.  Residents 
who use woodstoves obtain their burning materials through a variety of methods. One resident 
indicated they utilized their stove so infrequently that they gather wood from pruning from trees 
in the yard.  Another resident was given wood as part of their lease agreement, because the 
heating system in the home is completely unreliable. The majority of others (10 residents) utilize 
“Presto” logs and/or wood that has been purchased from others or self-gathered.  
 An additional component of information gathered from residents during individual 
interviews included knowledge about burn bans and where to find information about burn bans. 
Of the interviewed residents, 11 out of 15 do not check for burn bans before utilizing their 
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woodstoves during winter months. One of the 11 stated they believed that it is well published in 
the newspaper and announced on the Yakima news station that they does not feel it necessary to 
check elsewhere for burn ban information. Two of the four residents who do check for burn bans 
before using their woodstove added that they do not always check. One of the residents noted 
that one of the residents in the home checks for bans based on weather conditions. Residents 
explained varying degrees of knowledge regarding where they might find information regarding 
burn bans and air quality. Three of the interviewed residents explained that they did know where 
to find the information. Two of the three residents explained they know where to find the data 
published in the local news but would not know where to look to find additional information.  
 One of the final questions asked of residents regarded their neighborhood observations 
included sights and smells associated with wood burning.  Of the residents interviewed, 4 
indicated they had no neighborhood observations related to smoke or air quality concerns. One 
of the four individuals had no current observations acknowledged that despite the temperature 
this year, the air quality around their home seemed to be better than it has in years past and that 
they had no exceptional observations. Other residents in the neighborhood noted a range of 
observations about their neighborhood. One resident noted there are times when their household 
notices excess, foul smelling smoke. They also, rather proudly, announced that they will happily 
tell neighbors to stop what they are doing if their residence is bothered by the smoke. Another 
resident stated they frequently notice excessive smoke from one specific home, and that the 
wood used must be a treated wood because the smoke often smells very strongly of chemicals. 
Two other residents interviewed said they occasionally noticed homes that seem to be producing 
more smoke, if the wood is wet, the fire is just starting, or the fire is not burning hot enough.  
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 Among interviews with residents of the target neighborhood, an additional interview was 
conducted with an employee of Kittitas County Public Health (KCPH). This employee has 
worked with KCPH since June of 2016 and has been instrumental in several of the air quality 
programs being implemented in Kittitas County since the creation of the position. This employee 
was selected for this interview because she has worked in this position during the same time-
frame that this research has been conducted. Her experiences with the committee and in her 
position provided a well-rounded summary of her involvement and her perceptions of the work 
and experiences of the committee over the last several years.  The purpose of the interview with 
the KCPH employee was to determine trends between residents of the target neighborhood and 
how they may differ from perceptions from a regulatory agency. One important question asked 
of the employee was on what types of occasions does she, the Air Quality Committee, or KCPH, 
work with the public. Since the creation of the position there have been numerous public events 
with educational booths and there will be large presentations in the near future that will be open 
to the public. 
 The interview focused primarily on the barriers and successes the Air Quality Committee 
and KCPH have encountered. The obstacles listed by the KCPH employee seemed to align very 
well with responses given by residents in the target neighborhood. She explained that the 
committee frequently encountered individuals who do not believe that air quality in Kittitas 
County is an issue or individuals are very attached to traditions of using a wood stove regardless 
of air quality. She also noted there are many residents who have no idea about air quality and 
have no knowledge of how their behaviors may impact air quality for others. It was further 
explained that there is a prominent divide, about half of people spoken to are very receptive to 
receive information and half are incredibly resistant to information provided. 
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 While KCPH has received a fairly mixed response from the public regarding air quality 
information, it was explained in this interview that there has been some great successes by 
KCPH and the Air Quality Committee. The KCPH employee explained that they have had huge 
success with regards to Kittitas County elected officials. She explained that officials have been 
very resistant to believe that air quality in Kittitas County is an issue. At the time of the 
interview, she explained that she believed that the greatest success that the Air Quality 
Committee has experienced was convincing the county officials that air quality is an issue and 
that nonattainment would have a very negative impact on the entire community.  Elected 
officials were persuaded to support the air quality improvement efforts following a presentation 
of air quality data and reduction effort plans. With the success with elected officials, KCPH and 
the Air Quality Committee believe that if they can convince even the most skeptical officials 
they will be able to work community wide to inform residents of a problem.  
PM2.5 and Meteorology Overview 
 In the following section PM2.5 from the stationary monitors and meteorological data are 
presented.  
 For a general overview of PM2.5 concentrations throughout the sampling days, 24-hour 
data collected from HH and S2 are displayed in 1-hour averages in Figure 12. HH data points a 
represented with a solid circle, S2 points have a white center. The period in which mobile 
monitoring occurred is outlined by the two vertical black lines, between 5 p.m. and 10 p.m., 
ensuing plots will display data from the same period. Based on the information collected from 
HH and S2 the instruments display relatively similar data collection patterns. It appears that PM 
concentrations recorded by the monitor on S2 read slightly higher than the collector atop HH. 
PM concentrations appear to be the lowest in early afternoon, during the warmest portion of the 
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day, and begin to climb in the late afternoon and evening when mobile sampling occurred. 
Climbing concentrations in the late evening and early morning are likely associated with a 
combination of (i) increased emission produced by residents lighting their woodstoves and (ii) a 
reduction in the mixing height of air as temperatures drop, causing pollutants to pool lower to the 
ground.  
  
 
According to personal correspondence with Kimberly Sarver, of KCPH, between July 1, 
2016 and April 2, 2017 there were 17 days that exceeded 20 µg·m-3 and three of those days 
exceeded the EPA standard of  35 µg·m-3. Figure 13 displays the distribution of days with 
pollution concentrations over 20 µg·m-3 from 2007-2016. It is apparent that in the last three 
years, there have been very few days above the healthy air goal. It was noted in correspondence 
Figure 12. 1-Hour PM2.5 data from Hal Holmes and Science II. 24 Hours are shown for all 5 
days of sampling. Mobile Sampling time are indicated by two vertical black lines 
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with Kimberly Sarver that air quality during 2017 exhibited worse conditions than winters 
between 2013 and 2016, but not as bad as 2010-2011 and 2012-2013. 
It is likely that the decline in air quality conditions during the winter of 2017 is related to 
the decrease in temperature during the winter of 2017 compared to winter of 2015.  The left 
panel of Figure 14 displays an overall average of recorded PM2.5 concentrations from the Hal 
Holmes stationary monitor during the winters and average temperatures from January to March 
in 2015 and 2017, respectively. The right panel of Figure 14 displays the average temperatures in 
2017 are substantially lower than temperatures in the previous two years. Throughout the entire 
Ellensburg area, 2017 had higher PM2.5 concentrations which is likely related to the increased use 
of wood stoves in the much colder temperatures 
 
Figure 13. Ellensburg PM2.5 Days/Year above 20µg/m
3. (Photo Courtesy Jill Schulte, Department 
of Ecology) 
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Geographic Distribution 
Data is visualized in maps to examine the presence of hotspots and relative changes in air 
pollution concentrations. When appropriate, data collected through mobile sampling is compared 
to the data collected from the stationary monitors atop the Hal Holmes Community Center (HH) 
and Science II on Central Washington University’s Campus (S2). The data from each of the 
stationary monitors is also compared to compare recorded ambient air measurements. Figure 16 
presents a visual representation of all of the collected data for both PM2.5 and BC, respectively. 
These figures display all 5 winter sampling days and display an average of all 23 hours of 
sampling. The completed sampling time was 23 instead of 25 due to technical difficulties during 
the first sampling evening. Figure 15 displays the geometric mean of sampling points to provide 
a powerful visualization of PM2.5 hotspots throughout Ellensburg. Overall average PM2.5 appear 
to remain highest in the target neighborhood, indicated with the red square with averages ranging 
Figure 14. Left Panel: Comparison of winter 2015 and 2017 PM2.5 January-March Right 
Panel: Average Temperatures January-March.  
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from 13.1µg/m-³ to 15.0 µg/m-³. PM concentrations appear to remain higher in neighborhoods 
with higher concentration of wood burning stoves. 
 
The right panel of Figure 15 displays the average of all 5 days of sampling for BC. Higher 
concentration of BC are seen in areas near the target neighborhood and near the neighborhood on 
Brick Road. To better visualize the contribution that BC makes to PM2.5 an additional map was 
created to display the percentage of BC in PM2.5, see Figure 16. Based on the results in Figure 16, 
a pattern in the distribution of BC becomes more apparent. The highest percentage of BC becomes 
visible in areas with higher automotive traffic, Main Street and in the south-east corner of town 
near the Anderson Hay Company, where large diesel trucks spend more time idling. Another, 
rather peculiar, area with a higher percentage of BC is located near the neighborhood on the hill, 
Figure 15. Left Panel: PM2.5 5-Day Average 2017- Data points from 5-10PM Right Panel: BC 5-
Day Average from 2017- Data points from 5-10PM 
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near Brick Road. Neighborhood observations during mobile sampling indicated that at least one 
resident in that area was producing excessive smoke. 
 
 
 
 
 
 
 
 
 
 
To better understand the distribution of pollutants in only the target neighborhood, an 
additional map was generated to focus on hotspots within just the target neighborhood.  Figure 17 
was generated using the 10-second average data from all of the sampling evenings. The 5-day 
average of the target neighborhood displays that concentrations in the target neighborhood average 
between 10 and 14 µg·m³. These concentrations are displayed in shades of yellow and orange. The 
few areas of red correspond with areas observed to have homes producing lots of smoke. Based 
Figure 16. Percentage of BC in PM2.5. 
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on the results of the map focusing on the target neighborhood, it is clear that a small number of 
homes can produce enough pollutants to raise average concentrations in larger geographic area.  
Daily Composite maps from all sampling days for PM2.5 and BC can be found in Appendix 
C. The daily composite maps display trends similar to the overall composite maps. Several hotspot 
areas are apparent throughout all of the sampling trips. It should be noted that January 26 was the 
first day of a burn ban and was representative of stagnant air conditions. January 30 marked the 
end of the burn ban and concentrations of PM2.5 appear to have improved. February 14 presented 
a trifecta of conditions, including a burn ban, stagnate air advisory, and some of the highest PM2.5 
concentrations observed.  
Figure 17. 5-Day average of PM2.5 in the target neighborhood, 
using 100m fishnet pattern 
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Temporal Distribution 
Temporal distribution can be a valuable tool in indication what type of sources are likely 
causing pollution. To investigate this, average maps for trips 1-5 were produced for each hour. An 
hourly composite map includes the data for one hour, 5:00-6:00 PM for example, from all 5 trips 
averaged into one image. The hourly composite maps for PM2.5 and BC are displayed in Figures 
18 and 19, respectively.   
Figure 18. From Top Left to Bottom Right beginning with 5:00-6:00 PM temporal averages 
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In the neighborhood on the hill near Brick Road, homes were observed to be producing 
excessive smoke. This is primarily evident during the 5-6 PM hour of sampling when fires were 
just being started. Additional hotspots appear to develop throughout the sampling period in the 
neighborhood near Mountain View Road and near the target neighborhood.  In examining hotspot 
areas, it is clear that hotspots are most prominent as fires are being started in the 5:00-6:00PM lap 
of driving and as people prepare for bed and stifle temperatures of the fire during the 9:00-10:00PM 
lap of driving.  
Figure 19, displays the temporal patterns for BC during the sampling of 2017. 
Concentrations of BC appear higher in areas closer to high automotive traffic. For example, from 
5-6 PM (shown in top left panel of Figure 13) a darker shade of blue appears near the center of 
the map. This correlates with the location of Main Street in downtown Ellensburg. Other hotspot 
area of BC appear as time passes, these are often related to the hotspots for PM2.5 because as 
burning continues, BC will begin to accumulate with PM2.5.  The trends apparent in the temporal 
distribution of BC are consistent with the trends in the daily composites for BC found in 
Appendix C.  
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PM2.5 at Hal Holmes and Science II vs. Mobile Monitoring 
 Individual maps were generated for each loop where 10-second average data from mobile 
monitoring is displayed as a small circle and the corresponding 1-hour averages from HH and S2 
Figure 19. From Top Left to Bottom Right beginning with 5-6PM PM2.5 temporal averages. 
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are displayed a larger circle. The 1-hour average is associated with the hour timeframe that it 
took to drive the loop. Five days of sampling with 5 hours of driving resulted (3missing, from 
January 5, 5-6 PM, 6-7 PM, and 7-8 PM, due to equipment malfunctions) resulted in a total of 22 
maps which are displayed in Appendix C. Two maps representative of typical disparity seen 
between the stationary monitors and mobile sampling data are shown in Figure 20. Data from 
January 26, 8-9 PM and 9-10 PM shown in Figure 16 display that the stationary monitors are not 
necessarily representative of concentrations across the larger geographic area. This trend is 
evident throughout all of the maps. The S2 monitor consistently reads higher than the HH 
monitor.  A possible cause for the discrepancy between the stationary monitors and mobile 
monitoring is the elevation between mobile monitoring at street level and stationary monitors on 
top of buildings. Because the mobile monitoring occurs at street level, higher concentrations 
occur at street level because and below the intake of the stationary monitors. Due to the height 
difference of the monitors and the  slow mixing  of air during stagnant air events, it is likely that 
the variability between  mobile monitoring and stationary monitors is related to the possibility 
that it takes substantially longer for pollutants to reach the heights of the stationary monitors, if 
at all.  
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The 1-hour average data from the stationary monitors and 1-hour average from mobile 
monitoring was also displayed in a table and graphically to provide a numeric comparison of the 
various air quality monitors. Table 5 displays the statistical analysis performed on the data 
collected on all of sampling days. Additionally, the 1-hour average data collected from the HH 
and S2 monitor were compared to the 1-hour average mobile monitoring data for each of the 
sampling days using paired student t-tests, with a confidence interval of 0.05 The stationary 
monitors were compared to each other to determine a p-value of 0.0004, indicating no statistical 
difference between the stationary monitors. The t-test completed to compare the data from HH 
and mobile monitoring yielded a t-value of, 0.0152 indicating no statistical difference. The t-test 
Figure 20. Comparison of PM2.5 concentrations from mobile monitoring and 
stationary monitors.  
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completed to compare the data between S2 and mobile monitoring yielded a p-value of 1.25E-06, 
indicating a statistical difference between the data collected.  
 
  
 
 
 
 
 
  
 
The monitor atop Science II consistently reads higher than the other monitors. 
Graphically, it becomes clear that while it reads higher, all of the monitors display concentrations 
increasing as it gets later into the evening. Figure 21 displays the graphical comparison of all 3 
monitoring devices on February 7, 2017.  The data displayed for HH and S2 for these graphs is 
representative of the 1-hour averages collected during the mobile sampling trips, from 5-10 PM. 
The other plots displaying the sampling comparisons are displayed in Appendix C. Additionally, 
the 1-hour average data collected from the HH and S2 monitor were compared to the 1-hour 
average mobile monitoring data for each of the sampling days using paired student t-tests, with a 
confidence interval of 0.05 The stationary monitors were compared to each other to determine a 
p-value of 0.0004, indicating a statistical difference between the stationary monitors. The t-test 
Hal Holmes & Science II Stationary Monitors vs. Mobile Monitoring 
Variable Min Max Mean Median Std. Dev 
HH Jan. 5 14.9 15.1 15 15 0.1 
S2 Jan. 5 24.66 26.27 25.47 25.47 0.81 
MM Jan. 5 12.23 13.93 13.08 13.08 0.84 
HH Jan. 26 4.4 12.9 8.98 8.8 2.8 
S2 Jan. 26 16.62 39.07 22.86 17.7 8.5 
MM Jan. 26 10.78 18.62 13.65 12.05 2.85 
HH Jan. 30 6.7 15.1 12.56 14.2 3.14 
S2 Jan. 30 16.6 39.07 22.86 17.73 8.49 
MM Jan. 30 7.2 13.43 9.45 8.97 2.11 
HH Feb. 7 10.1 18.9 14.62 15.5 3.87 
S2 Feb. 7 16.46 30.18 21.52 19.78 4.79 
MM Feb. 7 8.58 12.69 10.15 8.92 1.79 
HH Feb. 14 49 51.3 49.98 49.7 0.77 
S2 Feb. 14 53.89 55.57 53.9 54.71 1.77 
MM Feb. 14 24.49 26.11 25.5 25.85 0.64 
HH Trips 1-5 4.4 51.3 18.75 11.9 16.04 
S2 Trips 1-5 9.41 55.5 26.92 21 14.89 
MM Trips 1-5 2.2 40.18 13.55 10.49 7.55 
Table 5. Statistical Analysis of Stationary Monitors and Mobile Monitoring 
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completed to compare the data from HH and mobile monitoring yielded a p-value of, 0.0152 
indicating a highly significant difference. The t-test completed to compare the data between S2 
and mobile monitoring yielded a p-value of 1.25E-06, indicating a statistical difference between 
the data collected. 
 
 
Comparison of 2017 and 2015 Data                                                                          
      Data collected in 2017 and 2015 required comparison to determine the relative change in 
PM2.5 and BC concentrations. Areas of blue indicated that relative to 2015, concentrations in 
2017 decreased. Areas in red indicate that concentrations in 2017 are higher than in 2015.  This 
is also displayed graphically to show how the target neighborhood compared to neighborhoods 
with similar characteristics. Figure 22 illustrates the relative change. The right panel displays the 
map of change throughout the city. Large areas of blue likely correlate with the decreased 
percentages of BC, as these areas seem to match areas with higher automotive traffic. The left 
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Figure 21. Comparison of Mobile Sampling and Stationary Monitors 
(February 7, 2017) 
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panel of Figure 15 displays a graph to compare the similar neighborhoods. The neighborhoods 
are designated on the map with corresponding colors to areas on the graph. The graph presents 
an average taken, using Microsoft Excel, of the geometric mean calculated using the fishnet 
pattern in ArcGIS.  
 
According to the map in the left panel of Figure 21, the concentrations in the target 
neighborhood rose approximately 6 percent. The highest increases were observed reached 115% 
indicating an increase of more than double the concentration seen in 2015. The neighborhood 
near Mountain View Road displays a decrease of 12%. And the neighborhood located on the hill 
near Brick Road displays and increase of 3%, a value indicating little to no change. The increase 
Figure 22. Left Panel: Relative change displayed by calculating a percentage using (PM2017-
PM2017)/(PM2015). Right Panel: Comparison of neighborhoods and average percentage of change. 
Colors presented in bar chart correspond with squares on map.   
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of PM2.5 concentrations in the target neighborhood is an indicated that the CBSM project within 
the neighborhood was unsuccessful. The limited number (2) of the commitment posters 
displayed throughout the neighborhood during home heating season indicated that it was not an 
effective method of encouraging residents to influence their behavior. It was evident that a small 
number of homes during each sampling trip were responsible for producing a large percentage of 
the smoke throughout the entire neighborhood. Although there were some neighborhood 
residents that were very open to the interview process, there was a very self-sufficient persona of 
many Ellensburg residents that was hesitant to trust any sort of government intervention.  
The relative change for BC was also displayed geographically and graphically to 
determine how rates of BC changed from year to year. The left panel of Figure 22 exhibits that 
for the majority of the city, the relative change for BC concentrations are between -5 and 5%. 
This can be associated to high levels of pollution being related to particulate matter from wood 
stoves, not automotive traffic. It is evident that areas that were identified as hotspots for wood 
burning show higher levels of BC in 2017. This is likely associated with the houses identified to 
be producing excessive smoke, for example the neighborhood located near Brick Road on the 
hill shows the highest rate of change. The right panel of Figure 22 displays the relative change of 
BC among the same neighborhoods compared for PM2.5. The target neighborhood shows 
approximately a 1% increase in BC concentrations, while the neighborhood on the hill near brick 
road shows and increase of approximately 8%. The southeast corner of town, near the Anderson 
Hay Company appears to have experienced a decrease in pollutant concentrations. This could 
potentially be attributed to less traffic in the area.  
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Figure 23. Left Panel: Relative change for BC by using ration (BC2017-BC2015)/BC2015 Right 
Panel: Comparison of neighborhoods and average ratio of change. Colors presented in bar chart 
correspond with squares on map 
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CHAPTER V 
CONCLUSIONS 
 Air quality data, including PM2.5 and BC was collected during the winter of 2017 
throughout the City of Ellensburg. The mobile monitoring was coupled with a community-based 
social marketing campaign which included a focus group, educational flyer, and 15 individual 
interviews within a target neighborhood. Initially 80 households within the target neighborhood 
were invited to the focus group and received an educational flyer with a commitment poster. 
Unfortunately, no residents attended the focus group, therefore indicating that a focus group 
would not be an effective means of gathering information from residents about their wood stoves 
and burning habits. The use of a focus group could potentially have been effective if it had not 
been scheduled near a holiday, had been held at a more neutral location, or utilized more 
rigorous recruiting techniques. The use of a neutral location, such as a school building, could 
have also altered the results for the focus group. By holding the focus group at a location 
unaffiliated with health department, residents may have been more willing to divulge 
information about their burning habits without fear of penalties.  The use of one invitation many 
not have been effective enough to encourage residents to save the date during such a busy 
season. Individual interviews were substituted in the data collection from residents in the target 
neighborhood. Interviews were identified as an alternative data collection method because 
instead of inviting people out of their home to discuss their wood stoves and burning practices, 
the interviews were to take place at their home, ideally increasing their willingness to participate. 
The interviews provided valuable insight into the perceptions of residents with regards to their 
attachment and reliance on woodstoves. However, one winter or home heating season does not 
allow for enough time for an informational and CBSM campaign to significantly impact burning 
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behaviors. This would suggest that to effectively influence behavior, utilizing at least one full 
year would be necessary to provide information about air quality and the preparation for home-
heating season. This would provide a chance to utilize the months before home heating season 
address behaviors that prepare for winter (i.e. collecting and preparing fire wood, purchase of 
new stoves) and after home heating season to present a summary of air quality during the winter 
to the residents. Ultimately, to be most effective, this study would require multiple years to 
examine the trends of PM2.5 distribution throughout the city and examine changes in behavior. 
Air quality data was collected over 5 evenings during the winter of 2017. Three of the 
evenings were representative of stagnant air conditions with burn bans in place. One-hour 
average concentrations observed at the Hal Holmes Community Center ranged from 4.4 µg·m-³ 
to 58.5 µg·m-³ and measurements from Science II on the Central Washington University Campus 
ranged from 7.4 µg·m-³ to 60.7 µg·m-³ The highest concentrations were observed on February 
14, when a burn ban and stagnant air advisory were in place. On that day, the average 
concentration was 46.5 µg·m-³ from HH and 51.9 µg·m-³ from S2. These concentrations are well 
above the 24-hour EPA limit of 35 µg·m-³ However, the corresponding 1-minute mobile 
monitoring data presented a range 2.2 µg·m-³ to 40.9 µg·m-³ which also displays concentrations 
that are above the designated EPA limits. The discrepancy between the various monitoring 
locations indicates that the stationary monitors may not provide the most accurate large scale 
representation of air quality in Ellensburg. Throughout all sampling evenings, it is apparent that 
hotspots occur in areas with high densities of older homes with wood burning stoves. It was 
observed during sampling trips that in hotspot areas, that there were a few homes producing 
substantially higher amounts of some than others and increasing concentrations throughout the 
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neighborhood. It became evident that a small number of homes producing excessive smoke can 
increase concentrations throughout a neighborhood.  
After the “fishnetting” pattern was applied to BC data, it became apparent that high 
concentrations correlate with hotspot areas of PM2.5 and high automotive traffic. Areas near 
Main Street and the Anderson Hay Company continuously display higher concentrations of BC, 
due to higher amounts of automotive traffic and idling diesel trucks. Additional hotspot areas for 
BC are likely related to homes producing excessive smoke.  
In the comparison between the data collected between 2015 and 2017 it is evident that air 
quality was worse in 2017. Data provided by the Department of Ecology indicated that overall, 
PM2.5 concentrations were much higher in 2017 than in 2015 from January to March.  It is 
assumed that 2017 displayed worse air quality because temperatures were substantially lower, 
therefore increasing the use of woodstoves. The target neighborhood of the study displayed that 
there was a visible increase in PM concentrations for 2017, which can be attributed to several 
factors. In 2015 there were no stagnant air events or burn bans and higher temperatures in 2015 
related to less wood burning for home heating. The target neighborhood is composed of older 
homes, some with highly unreliable heating sources other than the woodstoves, and residents 
rely on the consistency wood stoves during the cold winter months. As temperatures plummeted 
in 2017, it is likely that many residents began to care less about their impact on air quality and 
more about keeping their home warm. Results would likely appear differently if the temperatures 
from the sampling years was more similar and as the number of sampling years increase. 
The increase in pollutant concentrations in the target neighborhood also indicated the 
CBSM did not work as it was completed in 2017.  To improve the impact of the CBSM project, a 
larger sample size would likely improve the reach of the CBSM techniques based on the 
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likelihood of finding residents willing to participate in the study and a follow-up session to 
display the results of the study to participants. This pilot study was intended to discover the 
willingness of residents to participate in a CBSM approach to behavioral change; it is possible 
that they sample size of 15 interviews was not large enough and the size of the target 
neighborhood was not large enough to find residents willing to start the trend of participation. 
Starting the trend of participation could begin with a small number of residents willing to 
participate that talk with other residents to further expand the reach of the educational campaign. 
An informational campaign and attempt at behavioral change requires extensive time, far beyond 
the scope of this study. Changing burning habits in Kittitas County faces the barriers of tradition, 
a strong rural culture, distrust of government intervention and disbelief in the issue. Many 
residents throughout the target neighborhood hold wood burning as a traditional practice that 
means more than just heat. One resident, that was mentioned earlier that declined to answer the 
designated survey questions but wanted their opinion included in this research clearly indicated 
that their woodstove is more than a source of heat, it produces as sense of home and that there is 
nothing better on a cold winter day than peeling off wet clothes and warming up in front of a fire. 
The home of this particular resident was seen frequently during sampling trips to have smoke 
coming out of the chimney throughout the evening.  There is hope that with a longer period of 
time, more community outreach, and public awareness of the issue that the CBSM approach 
could have a significant impact on air quality and helping residents to realize that their behavior 
is contributing to air quality. The component of residents realizing how their behavior is 
impacting air quality is the element of citizen science that this study was not able to capture. The 
first design of the study using the focus group, would utilize a group prior to home-heating 
season and post home heating season. The post home-heating would have been intended to serve 
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as an indicator the impact that the CBSM techniques had on the neighborhood. People need to be 
shown that there is a problem and how they are contributing to it to encourage the necessary 
change.  
The traditions of wood burning run deep throughout Kittitas County. For future 
management of PM2.5 concentrations in Kittitas County, the first major step to be taken to 
address the issue of air pollution is addressing overall knowledge of air quality. Currently, air 
quality information can be found in the newspaper and on the internet, but there is no source that 
shows real-time data to the public at all times. Ultimately, there needs to be new outlets to 
distribute information to the public. Using a reader-board or billboard displayed in a high traffic 
area where it will be seen by large populations of people would be more ideal than displaying 
information in a low traffic area. Interview results indicated that one resident had seen air quality 
information through the newspaper; however, many other residents indicated that e-mail, social 
media, or mal are the most effective methods to relay information. This indicates that displaying 
air quality information must rely on more than one source to reach the largest populations. A 
large-scale (or county-wide) mailing of information prior to home heating season with a variety 
of information about wood burning and air quality could be an effective method to approach a 
large population.  
The current efforts to reduce PM2.5 that are relayed to the public focus mostly on burning 
behaviors, types of wood stoves, and what is being burned. In order to effectively influence 
better burning behaviors the narrative being relayed to the public should ideally be shifted to 
focus on the negative impacts to health from poor air quality. By shifting the focus to the 
negative health impacts associated with PM2.5 instead of regulating wood stoves it would provide 
residents with an incentive to improve their burning habits to better their health and the health of 
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those around them.  Due to the strength of the traditions of wood burning, focusing on how poor 
air quality and high concentrations of PM2.5 negatively affect health may provide residents with 
an understanding of how their behavior impact themselves and others.  
The use of CBSM to influence a behavioral change is an enormous task. The CBSM 
approach is costly and time consuming. To effectively implement a program using this approach 
would ultimately require a team of individuals or representatives dedicated to the program. In 
many cases the application of CBSM techniques has been applied by a consulting company 
tasked only with addressing the project. A future study to address air quality could focus on 
recruiting representatives that believe air quality is a problem that would be willing demonstrate 
desired behaviors for their neighbors. The use of the CBSM approach in an area such as Kittitas 
County will require an extensive time commitment to address and influence behaviors because 
the traditions of wood burning are so extensive in the area. Many residents believe that their use 
of woodstoves for 50 years or more exempts them from needing to change behavior. 
Additionally, it is necessary to increase the sample size that information is collected from. The 
larger the sample size, the clearer that trends can become and the more likely it is to find 
residents willing to participate.  
As local government agencies work to reduce the risk of nonattainment in a community 
that holds wood burning as part of its rural character, there are three primary suggestions moving 
forward. To increase the knowledge about air quality and wood burning, air quality information 
needs to be distributed on a large scale and real time information needs to be located in a central 
area where it will be visible to the highest populations. Information distributed should focus on 
health impacts of poor air quality instead of the regulation of wood burning. Residents are likely 
much more likely to use better burning habits if they can see how it is beneficial to them or their 
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health. Finally, to successfully implement the CBSM techniques there needs to be extensive 
resources and time devoted specifically to behavioral change. For example. this could likely 
come as a department or a hired consulting agency to design and implement the project. 
Ultimately, changing the perceptions regarding wood burning and encouraging residents to 
realize how their actions impact air quality and the health of others is a critical step to improve 
air quality during cold, winter months. It is through further understanding of the problem that 
residents may become more interested in the research process and collecting data in their 
neighborhoods to become citizen scientists with the goal of improving air quality.  
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Interview and Focus Group Materials 
Informational Letter and Focus Group Invitation 
Dear Resident, 
My name is Kelsey Gibbs and I am a graduate student in the Cultural and Environmental Resource 
Management Program at Central Washington University and have lived in the Ellensburg community for 
the past four years.  Starting this academic year, I am working on my thesis research, which involves 
monitoring air quality in our community. 
In 2015, CWU, the Department of Ecology, and Kittitas County Public Health worked together to identify 
sources of air pollution during winter months. Wood smoke from home heating was identified as a 
primary cause of elevated PM2.5 concentrations. PM2.5 is a very small particulate, approximately 1/30 the 
size of a human hair, that is most commonly produced by burning. Winter months in Ellensburg bring 
stagnant air events that trap pollutants near the ground.  Prolonged elevated concentrations of PM2.5 
can cause a variety of respiratory issues as well as violations of national air quality standards. Partnering 
with Kittitas County Public Health, I am conducting a research project in your area to discuss these issues 
in more detail. 
At this time, I would like to extend the invitation to the fall informational meeting and focus group. This 
meeting will be held on November 30th, 2016 at 5:30PM at 507 N Nanum Street, Morris Sorenson 
Conference Room. 
Enclosed with this invitation to the focus group is a flyer with information about PM2.5 and best practices 
for home heating with woodstoves and fireplaces. The opposite side of the flyer is a small poster. If you 
and your household are dedicated to burning clean and using the suggested best practices, please 
display the poster where it can be visible from the road; it is completely voluntary to display the poster.  
 
Thank you for your time and consideration of my research. My goal is to explore options to improve 
community air quality and help make Ellensburg a happier and healthier community during the cold, 
winter time months. 
Sincerely, 
 
Kelsey Gibbs 
Graduate Student                                                                                                                                              
Cultural & Environmental Resource Management   
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Complete Interview Notes 
Interview notes are included with questions, not all residents replied with an explanation of their 
answer, indicative of not all questions having a 15 total bullet points. Answers repeated have a 
tally next to them (i.e. III) 
1. Do you believe that air quality in Kittitas County (Ellensburg) is an issue? *8N 5Y 2?*  
Y IIIII    N IIIIIIII ?II 
*Air Pollution can be a problem- according to news 
*Air pollution is not a problem compared to other places  
*According to the newspaper- yes it happens- especially in winter: intensified by air 
pollution 
*Yes- can be at times- can frequently go outside and smell smoke 
*Pollution is a problem all over the world- People burn in wood stoves but does not  
believe that it contributes to pollution 
• If yes, what do you believe the primary sources of air pollution are? 
Please List:  
-According to newspaper- it is woodstoves and poor burning 
-Comes from over the mountains (asked about study)- geography- people burning 
things that they shouldn’t (and in burn barrels)- Agriculture DUST/dirt 
-Burning of wood and fossil fuels- stagnant air events 
b. Are you familiar with the term PM2.5?  Y  II N IIIIIIIIIII 
• If yes, do you feel comfortable with your knowledge regarding PM2.5? What 
produces it? 
-amount of PM indicates whether Air quality is good or bad 
-Heard the term in newspaper- doesn’t know what it means 
 
c. Please list/ identify materials that you know are legal/illegal to burn? 
• Wood- Not plastics and garbage are not allowed (II) 
• Clean papers and designated fire wood- not plastics, garbage, packaging 
• Wood, bought or purchased- Treated timber (anything with adhesives or 
chemicals) (I) 
• Presto Logs, Wood- Not legal- Tires II 
• Only SEASONED wood (III) 
• Wood 
 
d. How do you obtain the materials that you burn? (Where do you get the materials?) 
• Trimming trees around yard- stove is used so infrequently (I) 
• Landlord Provides it- part of lease agreement (I) 
• Presto Logs- Purchased (10) 
• Either purchased from others or self-gathered (8) 
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• From Armstrong Heating- not sure of name- supposed to burn clean (I) 
 
e. Before burning (indoor or outdoor) do you know where to check for burn ban 
information? 
• Yes- That’s why we have Google.  
• Yes 
• Stove is a gas insert- No 
• Not always- local news for reference 
• Yes- well published in newspaper and on TV- but would not know where to find 
it if it wasn’t published 
• No (10) 
 
f. Do you have a woodstove or fireplace in your home? 
1. Fireplace 
• Is it your primary source of heat? Y II N IIIIIIIIIIII 
• What is your primary source of heat?  
1. Gas- Wood is used as a back-up during May-October 
2. Woodstove- house has baseboard heaters that are not controllable- not safe 
to leave on 
3. Baseboard Heaters II 
4. Gas stove insert 
5. Forced Air furnace 
6. Forced Air- Natural gas 
7. Wood stove 
• What is your primary motivation to use wood for home heating? 
1. Secondary source of heat from  
2. Heat home- baseboard heaters are unsafe and unreliable 
3. Secondary heat source- not all rooms have baseboard heaters 
4. Traditional, saves money 
5. Primary source of heat 
 
g. When you burn for home heating-  
• Do you check for burn bans? Y II I N IIIIIIIIIII 
1. **Wife checks for burn bans based on weather conditions 
2. Doesn’t always check 
- Well published- does not burn when it is a burn ban is published 
• What do you burn (Typically?) 
Please List:  Wood 
Presto Logs, uses fire started bricks instead of paper and wood to start fire 
 Gas stoves 
 SEASONED WOOD 
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 Material from Armstrong- believes it is supposed to burn clean because he 
pays a lot of money for it 
• Is wood seasoned and dry? Y III N I 
h. Do you feel that you have adequate access to information about burning and air quality?  
1. Yes- (11) 
- If I wanted to look it up, I could use Google (4) 
2. No (4) 
i. What types burning practices do you observe in your neighborhood? (Smells, Lots of 
smoke, types of materials, etc.) 
• Sometimes lots of smoke 
• Lots of smoke- sometimes if the fire is just starting or not hot enough 
• Pollution can be seen 
• No observations- though feels it has been worse in years past- this year has been 
better 
• Occasionally smells like garbage or trash is burning- very smoky 
• No Observations 
• None- no over-smoking or bad smells 
• At times- has asked neighbors to stop what they were doing- producing bad 
smells and a lot of smoke 
• No Observations 
• A lot of smells and excess smoke- from neighbor two doors down- (also 
interviewed)- burns a lot- lots of chemical smells (like treated wood)- can tell 
when stoves burning are likely certified vs. not.  
j. What are the most effective ways to get information to you?  (Social Media, Newspaper, 
etc.)?  
• E-mail 
• Mail, Newspaper 
• Mail 
• Local News (Yakima) 
• Newspaper and news 
• However officials see best to contact him- mail/ phone/ etc.  
*** Resident declined to participate in interview questions- but would like conversation 
pieces to be included in research to enhance perceptions about wood burning 
 -Air quality is NOT a problem- believes that the wind keeps pollution from the valley 
 -Declined interview questions due to idea that county does not want there to be burning 
in the valley so equipped with too much information the county will try to prohibit burning- 
including if it is the only source of heat- does not want to be forced to have to upgrade 
heating system 
 -Home has been in the in the family since 1950’s- well insulated and does not require a 
lot of wood.  
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 - No one has complained to them about smoke in from their chimney 
 - Wants it to be known that a wood stove is more than just a source of heat- it is a sense 
of home and comfort- that there is nothing better than being freezing cold from outside and 
warming up next to a fire- using wood is very traditional and also has the value of bringing in 
wood and having your own work be part of what is keeping you warm  
 
Interview with Kimberly Sarver, KCPH employee 
1. How long have you worked in this position? 
a. Started June 27, 2016  
2. Do you deal with the public often? 
a. Yes 
3. On what types of occasions do you work with the public? 
a. Public events with education booths 
b. Several large presentations coming up 
4. What are the biggest obstacles you have faced in this position? 
a. People that don’t believe air quality is a problem 
b. People very stuck in their traditional ways 
c. People with entirely no clue  
d. About half of population is really receptive to information, the other half is not at 
all 
e. There are a lot of people that are determined to not change their minds about 
wood burning 
5. What do you consider your largest success with the AQC? 
a. Huge success with elected officials- have been previously very skeptical, have 
begun to understand that nonattainment is a big issue 
i. Permit fees have been counterproductive to proper wood stove installation  
ii. Became more supportive when it was indicated that they would not be 
paying for programs 
b. Have been able to reach some of the most skeptical, county officials, there is hope 
for general population. 
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Appendix B- PM2.5 and BC Maps 
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PM2.5 Daily Composite Maps (refer to legends within maps for details) 
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Hourly PM2.5 Mobile Monitoring, Hal Holmes, and Science II- Jan 5, 2017 
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Hourly PM2.5 Mobile Monitoring, Hal Holmes, and Science II- Jan 26, 2017 
 
  
83 
 
 
 
 
Hourly PM2.5 Mobile Monitoring, Hal Holmes, and Science II- Jan 30, 2017 
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Hourly PM2.5 Mobile Monitoring, Hal Holmes, and Science II- Feb 7, 2017 
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Hourly PM2.5 Mobile Monitoring, Hal Holmes, and Science II- Feb 14, 2017 
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PM2.5 Comparison Graphs (Stationary vs. Mobile Monitoring 
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BC Daily Composites (refer to legends within maps for details 
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BC Daily Composites (refer to legends within maps for details) 
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Hourly BC Maps- Jan 5, 2017  
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Hourly BC Maps- Jan 26, 2017 
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Hourly BC Maps- Jan 30, 2017 
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Hourly BC Maps- Feb 7, 2017 
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Hourly BC Maps- Feb 14, 2017 
 
